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Hemolytic (Hiy:t) E. coli strains have very often been found among UTI isolates. 1 • 2 · 10 The hemolysin determinants (h/y) are usually located on the chromosome of these strains. 10 -12 Plasmid encoded hly determinants are very rare among uropathogenic E. co/i. 10 · 12 The chromosomal and plasmid encoded hemolysin determinants share high sequence homology and they both consist of at least four genes involved in the synthesis of the active hemplysin (h/yA, hlyC) and its transport (hlyB, h/y0; 12 -14 see Fig. 1 ). Two promoter regions have been identified. One promoter (P1) is located upstream of hlyC regulating the transcription of hlyC, A, B; hlyD seems to be transcribed from the other promoter (P2). lt has been shown that the flanking regions of the plasmid-encoded hly determinants include an 152 sequence at the left side and another IS-Iike element (RS) on the right side. 15 • 16 Very recently the entire nucleotide sequence of one chromosomally encoded 17 and one plasmid encoded hly determinant 178 were described. lt has been suggested for a while that hemolysin contributes to pathogenicity of E. coli 11 • 18 -22 ln most cases, however, data from such studies have been obtained with clinical isolates or genetic variants of strains which have been mutagenized or have lost or received large plasmids or parts of the chromosome. The use of recombinant DNA techniques, i.e. cloning of hly determinants, their introduction into suitable host strains and in vivo tests with these genetically manipulated bacteria affered new possibilities to confirm these studies. Thus, in two animal models the direct contribution of E. coli hemolysin to virulence has been established. 23 -26 One has to point out, nevertheless, that extraintestinal E. coli infections and in particular those of the kidneys (pyelonephritis) are severe, sometimes chronic, inflammatory processes. 26 lt is hard if not impossible to simulate such an infection in a single artificial animal model. Thus, we decided to compare the animal reactions to the same genetically defined strains in several different in vivo test systems. ln this paper we first present direct evidence that cloned E. coli hemolysin is the main virulence factor in a chicken embryo assay andin a mause nephropathogenicity test. ln a mause respiratory infection modeland in a mause sepsis system the hemolysin acts in concert with 5-fimbriae and a serum resistance factor.
Results

Genetic manipulation and characterization of bacterial strains
All the strains used were derived from the wild-type isolate E. coli 536. Strain 536 was isolated from a patient suffering from an urinary tract infection in Würzburg 28 and was identified by standard methods. The strain belongs to the serotype 06:K 15:H31 and exhibits the 5-fimbrial adhesin (5fa+) which consists of protein appendices and a mannose-resistant, neuraminidase-sensitive binding factor. 6 ln addition the strain is serum-resistant (5re+) and produces hemolysin (Hiy+). The hemolytic phenotype of strain 536 results from the expression of two hemolysin determinants both of which are located on the chromosome. 15 As indicated in Table 1 a spontaneaus mutant, 536-21, has lost the ability to produce the 5-fimbrial adhesin (Sfa-), is sensitive to human serum (5re-), and is nonhemolytic (Hiy-). The hemolysin-negative phenotype of the strain is due to deletion events which affect both hemolysin determinants. 15 • 28 ln centrast the loss of S-fimbriae formation results from a block at the Ievei of transcription of the adhesin genes. 29 The sfa determinant is most likely structurally intact and the same may be true for the determinant responsible for serum-resistance (Hughes & Hacker, unpublished results). 8oth 5-fimbriae and serum-resistance were regained following transformation and subsequent integration of a sfa+ -cosmid into the chromosome of mutant 536-21 . The mechanism which Ieads to the restoration of both phenotypes remains unclear. The resulting strain 536-31 (Sfa+, Sre+ I Hly-)1 was used tagether with the Sfa-I Sre-, Hly-mutant 536-21 as a recipient for the introduction of different cloned hemolysin determinants.
The hemolysin determinants tested were cloned and subcloned from the large transferable plasmid pHiy152 13 • 30 and from the chromosomes of the E. coli strains 536 (see above), 764 (018:K5:H-) and 341 (075:K95:H+; 31 ). As indicated in Fig. 1 the four recombinant hly+ DNAs vary in the h/yA, hlyB and hlyD genes of the hemolysin determinants. They all were introduced into the mutant strain 536-21. Two of them (pANN202-312-pHiy152 and pANN5311-018) were additionally transformed into the strain 536-31 (see Table 1 ). Thus, two sets of isogenic strains were constructed which only differ in hemolysin production. The strains 536-21 and 536-31 differ in the presence or absence of 5-fimbriae and serum resistance. Allthese strains were used for in vivo tests. Chicken embryo assay ln order to elucidate the influence of the E. co/i hemolysin, S-fimbriae and serum resistance on the outcome of the infection, 1 0 days-old chicken embryos were infected with 1 x 10 6 to 1 x 10 8 bacteria. The number of dead embryoswas recorded 48 hours after infection. 1 x 10 7 bacteria of the parental strain E. coli 536 killed 90% of the infected chicken embryos, whereas after injection of 1 x 1 0 6 bacteria 80% of the embryos died (see Fig. 2(a) ). The lethality of the spontaneaus mutant 536-21 was much lower. 20%, respectively, of the chicken embryos died. The restoration of S-fimbriae production and serum resistance in strain 536-31 had no significant influence on lethality ( Fig. 2(b) ). Transformation with the plasmid-encoded h/ydeterminant did not increase the virulence in either of the Hly-strains. ln cantrast the introduction of the chromosomally encoded h/y determinants increased the chicken embryo lethality of both Hly-strains to a Ievei comparable to that of their Hly+ parent. Thus only the cloned chromosomal hly determinants significantly contribute to toxicity in chicken embryos. Mouse lethality after i.p. infection As described recently the chromosomally encoded 01 8 hly determinant increased the mause virulence of the Hly-, non-fimbriated, serum-sensitive strain 536-21 after i.p. infection whereas the plasmid-encoded h/y determinant had a very small effect. 24 ln order to test whether the S-fimbrial adhesin and the serum resistance factor had an influence on the virulence in this assay system we introduced both hly determinants into the S-fimbriated, serum-resistant Hly-strain 536-31 .
As can be seen in Fig. 3 both S-fimbriae and serum resistance had a moderate effect in the assay. Strain 536-31 showed a 4-fold lower LDso value than strain 536-21 . ln addition the plasmid-encoded h/y did increase the lethality of 536-31 to some extent but the 018-h/y determinant had a much more noticable contribution to virulence. ln cantrast to the Hly-strains 536-21 and 536-31 all the hemolytic strains including 536-21 pANN202-312 and 536-31 pANN202-312 (plasmid-encoded hly determinants) cause symptoms of hemoglobinuria indicating that hemolysin is produced in vivo.
Number of bacteria in the kidney after i. v. infection
Nearly 2. 5 x 1 0 8 E. coli cells were injected intravenously into mice and the number of bacteria per kidney were measured after 15 min to 8 hours. Strain 536 shows a 1 0-fold increase in the numbers of bacteria per kidney du ring the first 8 hours after infection ( Fig. 4(a) ). The number of bacteria per spleen decreased by a factor of 10 (data not shown). Following these results strain 536 was termed as mouse nephrovirulent. 32 Renal bacterial counts of strain 536-31 decreased within the time period of eight hours but infection of mice with that strain resulted in a higher number of bacteria per kidney than inoculation of 536-21 cells. Strains 536-21 and 536-31 were defined as non-nephrovirulent, although it is interesting to note that S-fimbriae and serum resistance had a small influence on renal bacterial counts.
The samewas true for the plasmid-encoded hly determinant transformed in 536-21 ( Fig. 4(b) ). Surprisingly, in strain 536-31 the h/y determinant from pHiy 1 52 provokes an increase in renal bacterial counts (Fig. 4(c) ). lntroduction of the chromosomally encoded hly determinants cause an increase in the number of bacteria per kidney from 0.5-2 x 10 6 (15min) to 0.5-2 x 10 6 (8 hours, for details see Fig. 4(b) , (c)). lt seems that chromosomally encoded hemolysin is responsible for the manifestation of bacteria in the mause kidney over a short period of time after infection .. ln all cases tested the number of bacteria per spleen decreased over a period of 8 hours. After 24 hours low bacterial counts ( 1 0 2 ) were observed either in kidney or in spleen for all strains (data not shown). As already mentioned in the case of the mouse peritonitis model all Hly+ strains result in the appearance of acute hemoglobinuria. 
Mouse respiratory infection
The uropathogenic isolate 536 was Iethai after intranasal (i.n.) infection of 2. 5 x 10 8 bacteria in mice. All mice infected exhibited clinical symptoms of a lung disaase including crepitation and dyspnoea and 80% of the animals died (Table 2) . Strains 536-21 and 536-31 were avirulent for mice which were symptom-free after i.n. infection. Aftertransformation of the chromosomally encoded hly determinants into 536-21 crepitation and dyspnoea were observed but only 20% of the mice died.
Only the strain 536-31 harbouring the 018 hemolysin determinant provoked the same virulence effect as the wild-type isolate (clinical symptomsandhigh lethality). Thus S-fimbriae and serum resistance could contribute as co-factors to the action of hemolysin in this assay. All the killed mice exhibited pathomorphological changed tissue cells in the Jung including zones of severe hemorrhagic lesions.
Subcutaneously induced mouse sepsis assay
Nearly 5 x 10 4 bacteria were injected subcutaneously into mice. Agar was used as adjuvant to provoke a skin abscess. Because bacteria were able to multiply within the mouse body so that increasing numbers could be isolated from the blood and some internal organs during the first days post infectionem this assay fulfills the criteria of a real septicemic infection 32 •. The parental strain 536 was isolated in relatively high numbers from the liver of mice during the first days after infection (2-3 x 10 6 bacteria, for details see Fig. 5 ), whereas the number of bacteria recovered following infection by 536-21 dropped dramatically. The introduction of chromosomally encoded hly determinants into 536-21 enhanced somewhat the ability of the strains to multiply within the mice. ln addition strain 536-31 exhibited increasing numbers of bacterial counts in the liver. Thus in this assay the Hly-strain that had S-fimbriae and serum resistance was as virulent as the Hly+ parent. The introduction of hemolysin had no further effect on the virulence of 536-31 . •The following characteristics were tested: presence of S-fimbriae adhesin (Sfa), serum resistance (Sre) and hemolysin production (Hiy).
bChromosomally encoded hemolysin of serogroup 06 (536) or 018 (pANN5311 ). The recombinant DNA pANN5311 transformed into 536-21 has nearly the same effects on virulence as the hly+ plasmids pANN5211 (06) and pANN5411 (075).
cplasmid encoded hemolysin from the Hly+ plasmid pHiy152. dQata from ref. 24 .
Discussion and conclusion
Using five different animal models we have provided evidence that hemolysin contributes to virulence in extraintestinal infections caused by Escherichia coli. Four different hemolysin determinants cloned and subcloned in the same way were transformed into two different host strains. As summarized in Table 3 in all infection models, the chromosomally encoded h/y determinants had a greater effect on virulence than the determinant from the plasmid pHiy152. S-fimbriae and. serum resistance had a definitive effect in the mause sepsis assay even in the absence of hemolysin and to a smaller extent, in the mause peritonitis system. A cooperative effect of S-fimbriae and serum resistance tagether with hemolysin was detected in the mause respiratory model. We will first compare the different animal models used and then we will discuss the role of the bacterial virulence factors in the infectious process.
Chicken embryo assay ln this in vivo assay imm.une response and the endogenaus microbial flora are not subject to variation and do not influence the outcome of the test. Multiplication of bacteria does not play a decisive role in this assay and it has been asserted that this test closely reflects the toxic potency of the material tested. 
Mouse letha/ity after i.p. infection
As described for the chicken embryo assay, strain 536 was also of intermediate virulence in the mouse peritonitis system. 24 lmmediately after i.p. injection bacteria had moved to the blood vessels and could be isolated from different argans like the spleen and the liver. But while sepsis-and meningitis-E. coli isolates like 018:K 1 strains are able to overcome the host defense barrier and begin to multiply even after infection by only 4 x 1 0 5 bacteria, 37 decreasing numbers of 536 bacteria were isolated from the spleens beginning with the first hours after injection. Thus introduction of 018:K 1 strains and uropathogenic strains like 536 results in different modes of infection.
ln the 536 infection, death of mice was not recorded until 10-20 hours after infection, i.e. when the number of bacteria in the mause was in the decline. lt has been suggested by several authors 24 · 25 that this may be the minimal period of time within which enough hemolysin is produced to show its toxic potential. ln all cases of infection with Hly+ strains hemoglobinuria was observed which proves that hemolysin was really produced in vivo. Because this symptom was also observed after infection with non-virulent Hly+ -strains (like pANN202-312/536-21) it seems that Iysis of erthrocytes is not the main pathogenic effect of E. coli hemolysin.
Mouse nephrovirulence after i. v. infection
This animal model resembles the mouse peritonitis assay and the chicken embryo system because relatively high numbers of bacteria ( 1-2 x 1 0 8 ) were used for infection, a small multiplication rate of bacteria was observed and no persistence of bacterial cells for Ionger than 24 hours was recorded. Moreover, infection in both cases involved introduction of the bacteria into the blood stream. ln the nephrovirulence mouse assay bacteria were given i. v. and renal bacterial counts were estimated 15 min to 8 hours after infection. While spleen counts decreased continuously, renal counts increased when the strains were hemolytic (with the exception of pANN202-312/536-21, see Table 3 ). The differences between the serumresistant, S-fimbriae positive strain 536-31 and the serum sensitive, S-fimbriae negative strain 536-21 seem to reflect the different LDso values. ln agreement with previously used terminology 20 · 32 we define 536 Hly+ strains as group II clones (high LDso values, high renal counts) rather than group 111 (low LDso values, high renal counts). The former are mostly uropathogenic isolates whereas the latter very often belang to E. coli blood strains. 20 ln general this animal model seems to be rather sensitive to the presence or absence of hemolysin because in the case of 536-31 host strain even the plasmid encoded hemolysin had an effect but serum resistance and S-fimbriae seem to be necessary as cooperative agents.
Mouse respiratory infection ln this model E. coli strains were compared in terms of their ability to cause a severe infection of the Jung after intranasal infection of mice with nearly 1 x 10 8 bacteria. Only those strains which code for serum resistance and S-fimbriae after introduction of chromosomally encoded hemolysin provoked a tatallurig oedema disease. Oeath of mice followed rapidly the development of clinical symptomssuch as crepitation and dyspnoe. Hemorrhagic oedema were present in the lung, possibly as a result of intravasal hemolysis. Such pathomorphological symptoms were also observed after i. v. infection of mice 38 and in rabbits following intradermal injection of serum resistant Hly+ bacteria. 39 lt appears therefore that this infection is quite different from a slowly progressing interstitial pneumonia developing in mice surviving the acute oedemic phase.
The mause lung oedema assay was originally developed to characterize swine pathogenic 0139 E. co/i strains which cause severe diarrhoeal disaase and hemorrhagic oedema in the gut. 40 • 41 Because all of the 0139 strains isolated were Hly+ 42 it was suggested that hemolysin should be responsible for development of oedema in this intestinal infection. Although our results clearly confirm this assumption a direct contribution of hemolysin to swine disease has to be demonstrated in the future by the use of Hly+ and Hly-isogenic 0139 strain pairs.
Systemic infection of mice after s.c. injection
ln centrast to the other in vivo models discussed only low numbers of bacteria are required to produce a progressing systemic disease 328 • Agar, as conditioning agent, is necessary. Bacteria do not only produce a local abscess at the site of injection but spread to distant organs, where they can be isolated in very high numbers. A prerequisite for bacterial survival and multiplication is, however, the ability of the bacterial cells to express S-fimbriae and to be serum resistant. ln addition, chromoomally-encoded hemolysis is able independently to restore virulence in this particular model. The contribution of S-fimbriae to pathogenicity in another septicemic mouse system was recently demonstrated for 01 8:K1 strains. 37 
Role of S-fimbriae and serum resistance in infection
Strains 536-31 and 536-21 differ in the presence or absence of serum resistance (Sre) and S-fimbriae (Sfa). As indicated in Table 3 both factors contribute to virulence in the mause sepsis assay. An adhesion of E. coli by S-fimbriae to mouse cells has not been demonstrated yet in a suitable in vitro assay but the presence of such antigens Ieads to an advantage in two different mouse systems as weil as in a rat pyelonephritis model 29 • 37 (Marre er al., submitted).
Serum resistance is a prerequisite for long term survival of the strains in models where the complement system is activated. ln the mause peritonitis model and the respiratory assay both S-fimbriae and serum resistance act in cooperation with hemolysin; such cooperative effects were also observed in in vitro assays where Sfimbriae, serum resistance and hemolysin tagether stimulate the release of some mediators of inflammation. 44 The question whether Sre-factor or S-fimbriae or both are responsible for the observed effects is one that will be answered in the near future by the use of a cloned sfa-determinant. 7 Role of hemolysin in infection lt has been shown that virulence of bacteria can be modulated in all five in vivo systems by the expression of h/y genes. The hemolysin determinants were introduced into the Hly-host strains by transformation of recombinant DNAs and there should be no doubt that the in vivo effects observed results from the action of hemolysin itself. The hemoglobinuria which was observed after infection of mice with Hly+ strains indicates that hemolysin indeed was produced in the animal. The fact that such hemoglobinuria was also observed foflowing infection by non-virulent Hly+ strains indicates that Iysis of erythrocytes and a subsequent uptake of free iron 25 • 45 could not be the mairi mechanism in the mode of action of E. coli hemolysin. lndeed indications exist that a cytolytic action of hemolysin on renal cells and leukocytes, triggering an inflammatory response, may be involved 18 • 19 • 43 • 44 (Lund, unpublished observations). Thein vivo data presented here also suggest an injury of animal tissues by the action of hemolysin.
Such a pathogenic effect of hemolysin was observed as early as 8 hours after infection in the case of the mause nephrovirulence model and after similar lengths of time in other in vivo systems. But this action of hemolysin very early in infection greatly depends on the kind of the in vivo model used. One should keep in mind that these models are more or less artificial short term assays representing only one aspect of the complex picture of a urinary tract infection. ln human UTI hemolysin would be expected to act after establishment of the bacteria in the urinary tract, i.e. rather late in the infectious process.
Differences between various hemolysin determinants ln this study we also present evidence that the plasmid-encoded hly determinant of pHiy 152 does not increase the pathogenicity of the host cell as much as the chromosomally encoded determinants (Table 3 ). Differences in the 5' upstreams sequences of h/yC including the promoter region (see Fig. 1 ) could be one reason for these differences as suggested by Welch & Falkow. 46 This region was otherwise held constant in all the recombinant hly+ DNAs used here because it was derived from the plasmid pHiy152. Thus the observed differences in virulence could only be explained on the basis of the differences in the structural gene for hemolysin (h/yA) and/or the genes hlyB and hlyD, involved in the secretion of hemolysin.
A comparison of the predicted amino acid sequences of the gene products on the basis of the nucleotide sequences of a chromosomal and a plasmid encoded hly 
Materials and methods
E. coli strains
The E. coli strain 536 was obtained from the Institut für Hygiene und Mikrobiologie, Würzburg. 28 The mutant strains 536-21 and 536-31 were described elsewhere 15 · 28 (see above). All three strains belang to the serotype 06:K15:H31 and they are resistant to Streptomycin. The strains were further characterized with respect to adhesin formation, serum resistance and hemolysin production (see Table 1 ). 536-21 and 536-31 were used as recipients in transformation experiments.
Recombinant DNAs
The recombinant hemolysin (h/y+) plasmids used (pANN202-312, pANN5211-06; pANN5311-018, pANN5411-075) contain BamHI-Sall fragments carrying the genes hlyA, hlyB and hlyD of various chromosomal (strains 536-06, 764-018, 341-075 31 ) and plasmid-(pHiy152 30 ) encoded h/y determinants cloned into pANN202. pANN202 is pACYC184 bearing hlyC ot the plasmid pHiy152 (Table 1 and Fig. 1 ). pANN801 is a cosmid coding for the S-fimbriae adhesin. 7 Isolation of plasmid DNA Preparative DNA isolation was achieved as described. 47 Plasmid DNA from transformants carrying recombinant DNA was screened by the clear lysate procedure. 48 
Transformation
The wild-type strains 536-21 and 536-31 were transformed with hly+ recombinant plasmids by a modified CaCI2 procedure. 49 These strains were grown in Luria(U broth.
Characterization of transformants, cultures used for in vivo tests and strains reisolated from anima/s
Transformed strains and those isolated from argans of dead or surviving animals were checked for the presence of · covalently closed circular DNA and markers of the recombinant DNA (chloramphenicol resistance, hemolysin production). All the 536-21 and 536-31 transformants and derivatives were further tested for chromosomally encoded streptomycin resistance. Production of K 15-and 06-antigens were checked with antisera raised against 06-and K 1 5-standard strains. The antigen titers were estimated in microtiter plates as described earlier. 50 Ampicillin resistance was determined for strain 536-31 and its transformants.
Formation of 5-fimbriae adhesin (Sfa) was determined by agglutination of human and bovine erythrocytes and S-specific antiserum. Harnagglutination was resistant to the presence of 1 % mannose and was abolished after treatment of erythrocytes with neuraminidase. 7 Serum resistance (Sre) of the strains was assayed after growing ca. 2 x 10 5 bacterial cells in 90% human serum for 3 hours. 1 · 51 Hemolysin production was detected on blood agar plates and confirmed in a liquid. assay. 14 Before using the strains in animal tests they were grown in L broth in the presence of chloramphenicol. After washing in phosphatebuffered saline (PBS) and before use suitable dilutions of the cultures were plated in blood agar. With the exception of some single colanies no segregants (non-hemolytic, chloramphenicol sensitive) were detectable. ln strains reisolated from animals more than 90% of the cells retained their extrachromosomal h/y+ DNAs.
Chicken embryo virulence test
The lethality of bacteria to chicken embryoswas assessed by a modification of the test described by Po weil & Finkelstein. 33 ln preliminary experiments it was estimated that the 1 0 day old embryos were maximally susceptible. The embryonated hen eggs were free of Salmonella pullorium and were incubated at 37°C under sterile conditions. Bacteria were grown overnight at 37°C in L broth under antibiotic pressure and were suspended in sterile PBS. As determined earlier the critical inoculum for strain 536 and its derivatives was 10 6 to 10 1 bacteria. After infection of 10 5 cells all chicken embryos survived. Thus 1 x 10 8 , 1 x 10 7 and 1 x 10 6 bacteria (in 0.1 ml PBS) were introduced into the allantoic cavity of 10 day old chicken embryos (Institut für Virologie, Univ. Würzburg). ln all tests 10 chicken embryos were used per strain and inoculum. Death was recorded 48 hours after infection. All experiments were done three times.
Assay for lethality in adult mice after i.p. injection
The lethality of bacteria for micewas assessedas described earlier. 24 Cells of overnight cultures (grown in L broth) were harvest, washed in PBS and resuspended to ca. 1 0 9 viable cells/mel. lt was obvious from earlier studies that the LD 60 strain 536 and its derivatives range from 0. 5-8 x 1 0 8 • Thus 5 x 1 0 7 to 8 x 1 0 8 E. coli cells resuspended in 0.2 ml PBS were injected into the-perttoneal cavityof 8 week old 20 g female NMRI mice ( Zentralinstitut für Versuchstiere, Hannover). The animals were held in a specific pathogen free (SPF) status. The number of mice killed after 24 h was recorded. Ten mice were used per strain and inoculum. All experiments were done three times. Clinical signs, survival times and macroscopic lesions of mice including hemoglobinuria were recorded.
Assay for virulence in adult mice after i. v. injection
The virulence test was done in accordance to V an den Bosch et al. 20 Briefly, bacteria were grown in L broth till late log phase, centrifuged and washed with PBS. Mouse respiratory infection CFLP/LATI female mice ( 10-12 g) were infected intranasally under superficial ether anaesthesia with 0.05 ml overnight L broth culture, containing nearly 3 x 1 0 9 bacteria/ml. The death rate was recorded 24 h after infection. During infection the clinical symptoms of a lung disease were observed. After death of mice the lungs were removed and macroscopical visible pathomorphological changes like occurrence of hemorrhagic lung oedema were recorded. ln negative cases the mice survived or died only after a few days showing an interstitial pneumonia. Ten mice were used per strain and all experiments were done twice.
Mouse sepsis assay 0.3 ml PBS containing nearly 5 x 10 4 E. co/i cells were mixed with 0.5 mlliquified (45°C) tryptose-agar (1.5%). The Suspension was injected subcutaneously in the back of mice. After 1, 2, and 3 days the livers of dead mice were removed and homogenized and colony forming bacteria were c.ounted. Five mice were used per strain and time interval. The experiments were done twice.
Statistics
The LDso values were calculateQ by the method of Kärber. 52 For further statistical evaluations the publication of Cavali-Sforza 53 was used.
